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Positron-annihilation experiments have been performed on a number of disordered Li-Mg alloys, and
information on the spatial distribution of annihilating positrons has been deduced. Measurements of the
angular correlation of the two annihilation y rays and of the positron lifetime have been made and the
results used to obtain core-annihilation rates. The core rate is sensitive to the distribution of the
annihilating positrons between the two different sorts of sites in the alloy, and the results indicate that
the positrons are sampling a much greater proportion of Li atoms in the alloy than the mean Li
concentration would indicate. First-principles calculations of the positron distribution based on the
positron pseudopotential are in qualitative agreement with the experimental results but do not include
effects of localization. Smearing of the Fermi cutoff region of the angular correlation curve can be a
measure of positron localization. Experimental results for the smearing for the dilute Li alloys indicate
that the annihilating positron is localized in a region extending roughly 20 A. It is concluded that the
positron is annihilating from bound states localized to Li-rich regions of the alloy, These results are
important in the interpretation of positron-annihilation experiments in disordered alloys and also in the
understanding of low-lying electron states in disordered alloys.

I. INTRODUCTION

In the preceding paper by Stott and Kubica, ' here-
after referred to as SK, a new approach was pre-
sented for describing the distribution of a thermal-
ized positron in metals and alloys. The positron
wave function for a low-lying state was factorized
into a slowly varying part, termed the positron
pseudo wave function, containing all the energy de-
pendence and a prescribed core function accounting
for the exclusion of the positron from the ion-core
regions. Although the full product wave function is
required to completely specify the spatial distribu-
tion of the positron, it is the slowly varying en-
velope or pseudo wave function which commands
most of the interest since it reflects the affinity of
the positron for one sort of cell or the other in a
binary substitutional alloy. In SK the pseudopoten-
tial picture was discussed for the cases of a posi-
tron in a pure metal, in a substitutional binary al-
loy, and in a metal containing monovacancies. For
the pure metal the positron pseudo wave function is
rather flat; for the alloy it tends to be enhanced in
the cells containing one type of atom, and dimin-
ished in cells containing the other type of atom, the
degree of enhancement depending on the positron
pseudopotential difference; at vacancies the pseudo
wave function is strongly enhanced and in many
cases it will be localized corresponding to a posi-
tron bound state.

Positron trapping at vacancies in some metals
has been recognized for a few years. Positron
enhancement at one component of a substitutional
alloy, leading to preferential annihilation with the
electrons of those atoms, has not previously been
recognized. The purpose of the work described in
this paper is the investigation of positron enhance-

ment in the I.i-Mg alloy system using positron-an-
nihilation techniques and the discussion of the re-
sults within the theoretical framework presented
in SK.

The positron core-annihilation rate, defined in
SK as that contribution of the total annihilation
rate made by annihilation with electrons in the
ion-core regions, has been suggested in SK as a
useful indicator of positron enhancement at one
component of an alloy. The total annihilation rate
(the reciprocal of the positron mean lifetime) can
be obtained directly by a conventional delayed co-
incidence measurement of the time distribution of
positrons annihilating in a sample. The fraction
of annihilation events which occur with electrons in
the ion-core regions can be estimated in the case
of simple metals from the momentum distribution
of annihilating electrons. A good indication of this
quantity can be obtained from the angular correla-
tion of the annihilation y rays. ' The procedure for
estimating this fraction is based on the separation
of the angular correlation curve into two compo-
nents. The first is due to annihilation with con-
duction electrons, outside ion-core regions, which
have a "nearly free" character leading to a rather
narrow, approximately parabolic component. The
second component consists of a number of contri-
butions. The core electrons have an atomic charac-
ter and their higher momentum yields a broad
momentum distribution. In addition, conduction-
electron wave functions inthe ion-core regions
vary rapidly due to orthogonalization requirements,
and thus also have an atomic character leading to
a broad momentum distribution similar in shape
but smaller in magnitude than that arising from
the core electrons themselves. This contribution
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is included in the definition of the core annihilation
rate. Other sources of high-momentum components
are the spatial variation of the electron pseudo
wave function and the positron wave function, but
these contributions should be negligible for values
of momentum considerably larger than the Fermi
momentum. Thus an evaluation f

lorn

angular col-
relation data of the fractional intensity of the
broad, approximately Gaussian shaped component,
provides at least an approximate measure of the
fraction of annihilation events which occur with
electrons in the core region having an atomic
character. Multiplication of this fraction with the
measured total annihilation rated yields the core
annihilation rate A,

The atomic character of electrons in the core
region of an atom will be relatively insensitive to
its environment. In particular, the core-elec-
tron wave functions and the atomic character of the
valence electrons in the core region will be little
changed in an alloy, although there will be small
changes in the amplitude of the latter due to changes
in the electron pseudo wave function. It follows
that the core annihilation rate for a particular alloy
concentration will be a weighted mean of the two
pure metal core rates. The weighting factors are
obtained from the positron pseudodensity, which
provides a measure of the positron enhancement at
sites of one component of the alloy.

Because of the difficulty of a first-principles cal-
culation of annihilation rate (due largely to the un-
certainty in many-body electron enhancement fac-
tors), it is convenient in discussing positron en-
hancement at one component of an alloy to use the
reduced core rate introduced in SK. If the sepa-
rate core rates in the two pure metals A and 8
which constitute an alloy are called ~", and X„ then
the reduced core rate for the AB alloy is defined
as

where X, is the core rate for the alloy. Experi-
mental evaluations of the core annihilation rates
for the pure metal constituents as well as for the
alloys enable data to be expressed in terms of re-
duced core rates for comparison with theory. As
emphasized in Sec. IV of SK, the reduced core
rate for AB alloys will decrease linearly with the
atomic fraction of A in 8 from the value 1 for 8
metal to 0 for pure A metal if the positron shows
no preference for A or 8 sites (and neglecting vol-
ume changes on alloying). Any deviation from lin-
earity in a reduced core rate vs atomic concentra-
tion plot will indicate a preference of the positron
for either A or B sites —an enhancement of the
positron pseudo wave function at the preferred
atoms.

If the positron is localized in a particularly at-

tractive region of the alloy, i. e. , an impurity in a
dilute alloy or a precipitate in a more concentrated
alloy, this localization of the envelope of the posi-
tron wave function, the pseudo wave function, will
lead to a broadening of the positron momentum dis-
tribution. If the positron is confined to a region of
spatial extent ~x, then the momentum distribution
will have a width of bp=E/hx. The width of the
positron momentum distribution may be detected in
high-resolution angular correlation data if the
positron is localized to a volume a few atomic diam-
eters in extent. The measured total momentum
distribution of the annihilating positron-electron
pairs displays a sharp corner at the Fermi mo-
mentum p~. This sharp feature is particularly
prominent for the simple metals where the broad
core contribution is not too large and especially at
low temperatures where the thermal energy of the
positron is small. It is under these conditions that
the width of the positron momentum distribution due
to spatial localization can be most clearly seen as
a smearing of the sharp corner of the measured
pair momentum distribution. This smearing can be
analyzed to extract information on the extent of the
localized positron wave function, as has been done
by Dave et al. in the case of positrons trapped at
vacancies in metals.

The Li-Mg alloy system is in many ways ideal
for an investigation of possible enhancement and
localization of the positron at one component of an
alloy. The calculations reported in Sec. IG of SK
suggest that there is a fairly large positron pseudo-
potential difference (0. 08 Hy) between Li and Mg
sites in a Li-Mg alloy, implying a relative affinity
of the positron for Li sites in the alloy. Thus
positron enhancement at Li sites is to be expected.
In addition, both Li and Mg satisfy the practical
requirement of being simple metals with rather
small, easily separable, contributions from anni-
hilation with electrons in the core regions. The
core-annihilation rates for Li and Mg are also suf-
ficiently distinct to allow a meaningful evaluation
of the reduced core rate as a function of alloy com-
position. Of great practical importance, investiga-
tion across the whole range of Li-Mg alloy com-
position is possible with minimal interference from
intermediate phases. The phase diagram is re-
produced in Fig. 1. At room temperature there
is a bcc phase of up to VO-at. /o Mg in Li, and an hcp
phase of up to 18-at. % Li in Mg. Between 18- and
&0-at. /o Li is a mixed-phase region. The atomic
volumes of Li and Mg differ by only 7% and there
is little volume change on alloying. Diffuse x-ray
scattering data' indicate that the bcc 50-at. % alloy
is an almost perfect random solution, an atom on
average having 4. 3 unlike nearest neighbors in
comparison to 4. 0 in a random, and 8.0 in an or-
dered, solution. The hcp alloys also differ very
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FIG. 1. Phase diagram of the Li-Mg alloy system in-
dicating the large extent of the o, and 8 phases.

little from random solutions. These various rea-
sons combine to make the Li-Mg system an attrac-
tive choice for the study. It should be stressed that
even if, for practical reasons, the core rate cannot
be used as an indicator of positron affinity for a
particular alloy system (e. g. , if one constituent is
a noble or transition metal), nevertheless, the
positron will not sample the alloy uniformly if there
is a positron pseudopotential difference between
the two components.

Section II of the paper describes the preparation
of the alloy specimens and the measurements of
positron annihilation rate and angular correlation.
The experimental results are presented in Sec. III
and discussed in Sec. Dt', both of these sections
being subdivided into pari A pertaining to positron
enhancement as reflected by the core annihilation
rate, and part B pertaining to positron localization
as indicated by smearing of the angular correlation
curve. Conclusions and implications are discussed
in Sec. V.

II. EXPERIMENTAL DETAILS

The alloy specimens used in the experiments
were cast from 99.9% purity Li and 99. 995% purity
Mg in stainless-steel tubes under a dry argon
atmosphere. They were agitated while molten and

after solidifying were annealed for 24 h close to
the melting temperature to achieve homogeneity.
Various sections of at least one ingot (1.8 cm
diam' 8 cm length) were tested, and the alloy con-
centration was found to be uniformtoabout0. 5 at. lo.

Concentration of the alloys was determined by spe-
cific gravity measurement and by proton reaction
analysis. The results from these two methods were
in agreement to within 1 at. %. The specimens were
0. 5 cm sections cut from the ingots by spark ero-
sion. Considerable care was taken to minimize the
number of lattice defects since they are potential
positron traps. To obtain and maintain clean sur-
faces, the specimens were etched in propanol II
with 0. 1 to 1.0% (by volume) nitric acid added (the
amount depending upon alloy concentration) and

then stored in oil. The specimens were annealed in

an argon atmosphere for 24 h at a temperature
about 20' C below their melting points, and a final
etch was performed just prior to any measure-
ments. These procedures yielded shiny surfaces
with visible grains of average diameter about 2

mm.
The positron lifetime measurements were per-

formed with a conventional delayed-coincidence sys-
tem employing constant-f raction timing discrimina-
tors. Fairly large Pilot B plastic scintillators (4
&&4 cm cylinders) were used to gain efficiency.
Time resolution under conditions similar to those
of the measurements was 350 psec full width at
half-maximum. The positron source used for these
measurements was about 2 p, Ci of Na deposited
between two sheets of nickel foil 10 ' cm thick.
This was in turn sandwiched between two sections
of the specimen, and the whole was maintained at
room temperature under vacuum during the mea-
surements. About 2x10 events in the time spec-
tra could be accumulated in 5 h counting time. The
peak counts to random background ratio was 3
&&10:1. The time scale was calibrated by a time-
of-flight method using two z-ray sources separated
by 30 cm.

The measurements of the angular correlation of
annihilation photons were made using "long slit"
geometry. The slit width was 1.35 mm and the dis-
tance from sample to slit 2. 54 m, yielding geome-
trical resolution of 0. 53 mrad. The slits were suf-
ficiently long (61.0 cm) that they subtended an
angle in that dimension some 20 times greater than
the angular width of a typical momentum distribu-
tion. The specimen was a section of an alloy ingot
mounted with one flat surface in the plane of the
slits. The positron source was about 100 mCi
of Co mounted above the specimen with shielding
arranged so that only the specimen face was visible
to the detectors. The specimen was maintained
in vacuum at liquid-nitrogen temperature during
measurements. Angles about 180 were scanned
in 120 steps of 4 mrad and coincidence counts were
accumulated at each step for 400 sec. To reduce
the effect of any electronic drift five or six scanning
cycles were performed for each specimen. In

three days of counting time a total of about 6&& 10
coincidence events were accumulated with 2~10
counts at the peak of the distribution.

III. EXPERIMENTAL RESULTS

A. Core rate

The positron lifetime data were analyzed by fit-
ting each measured distribution to the sum of two
exponential terms by a maximum likelihood crite-
rion based on Poisson statistics. The dominant ex-
ponential term represents the main positron decay
component. The second term, with less than 5%
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TABLE I. Measured values of positron lifetimes and
of core annihilation fractions in Li-Mg alloys. The de-
rived core annihilation rates are also listed.

Li concentration
(at. %)

0
1. ,'&

11
,'30

89
100

w(psec)

227*2
2,'30

23,') i 2

240+ 2

248 i ')

265i 2

28:3.5i 2
') 93

Core fracf;ion
Pc. )

') 0. 2 i 0. 4
18.9i 0. 4
18.2 i 0. 4
17.8i 0. 4

18.0i 0. ;&

17.7+ 0. 6

14.9i 0. 6
1'3. 4~0. 6

Core annihilation rate
(10 ~ sec ')

8. 9i0. 2
8, 2i0, 2

7.8i0. 2

7. 4 i 0. 2

7. 2i 0, 2

6. 7+0.3
,&. 8+0, 2

4 ~ (& i 0, 2

intensity, represents a longer -lived component and
is attributed to annihilations in the source material
and at surfaces. The resulting positron lifetimes
deduced from the main components are listed in
Table I for eight specimens; six I,i-Mg alloys and
pure Li and Mg. Any systematic error due to such
possibilities as improper separation of the tail
component would tend to affect all measurements
similarly so that for comparisons between these
eight measurements the statistical standard devia-
tion of about 2 psec should be a. good measure of
confidence. The total annihilation rates are the
reciprocals of these lifetimes.

Small adjustments were made to the angular cor-
relation data for the same eight specimens to re-
move the chance coincidence background and to
correct for source decay and for y-ray absorption
by the specimen. Angular correlation data nor-
malized to equal areas for two of the specimens are
shown in Fig. 2. A clear distinction can be seen
between the narrow parabolic section arising from
annihilation with low-momentum valence electrons
and the broad, roughly Gaussian, part of the dis-
tribution. If the broad part included only events
arising from annihilations with core electrons,
then the fraction of these core events could be ob-
tained exactly from the area of that part. As
discussed in SK and reviewed in the Introduction,
there will be other secondary contributions to the
high-momentum components. One of these arises
from annihilations with valence electrons in the
core region and should extend to high momentum.
The valence-electron wave functions in these re-
gions will have some atomic character due to the
necessary orthogonalization to the core-electron
wave functions. These features wil1 be insensitive
to alloying (apart from small changes in amplitude)
and should be present in the alloy as well as the
pure metal. This contribution is contained in the
definition of the core annihilation rate. Another
of these contributions rrises from the spatial vari-
ation of the positron wave function. The pseudopo-
tential method for the positron described in SK in-
dicates that the shape of the positron wave function
in the core region from which most of the high-mo-

mentum components arise is insensitive to alloying.
A final contribution arises from annihilations with
valence electrons outside the core region; the wave
functions here contain high-momentum components
due to scattering by the electron pseudopotential.
This last contribution will be sensitive to alloying.
Fortunately, it will augment the number of annihila-
tion events in the momentum region immediately
above the Fermi momentum p~, and thus its effect
on the core annihilation fraction can be minimized
by fitting the high-momentum region of the angular
correlation curve with a Gaussian function using a
least-squares criterion beyond about 1.5p~. In or-
der to clarify these different sources of high-mo-
mentum components, an orthogonal-plane-wave
analysis of the pair momentum distribution is pre-
sented in an Appendix for the particular case of
Li. The roles played by core electrons, the orthog-
onalization term in the valence-electron wave
functions and the higher-plane-wave components in
the valence-electron pseudo wave function are all
dis cussed.

Figure 2 includes the lines fitted to the broad
components of the two examples of angular corre-
lation data. The reduction in the fraction of core
annihilations for the ll-at. % Li alloy compared
with the pure Mg result is very obvious. The core
annihilation fractions and their statistical standard
deviations for the eight specimens are listed in Ta-
ble I. There will also be some systematic errors
due to the constraint of fitting a Gaussian function
and due to the inevitable inclusion of some contri-
bution from high-momentum valence electrons.
However, for comparison between the specimens
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FIG. 2. Angular correlation data, normalized to equal
total counts, for Mg and Mg-ll-at. %-Li alloy. The re-
sults for only positive. , angular deviations from 180 are
shown in this illustration; the full curves are symmetrical.
The inset amplifies the vertical scale by a factor of 4 to
yield more detail in the high-momentum regionand shows
the fitted Gaussian components used to obtain the core
fractions.
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the systematic errors should be rather similar and
so the statistical uncertainties again provide a
realistic measure of confidence.

The products of the total annihilation rates and
the core annihilation fractions for the various
specimens yield the corresponding core annihila-
tion rates, also listed in Table I along with their
standard deviations from the composite statistical
uncertainties. The reduced core annihilation rates
as defined in Eq. (1) are plotted in Fig. 3. The
measured core rates for the two pure metals enter-
ing the expression for the reduced core rate are
A.,(Li) = 0, 46x 10 sec and A.,(Mg) = 0. 89&& 10 sec

If the positron pseudo wave function for the alloy
were flat, the positron sampling the two different
components merely in the ratio of their concentra-
tions, then the reduced core rate would be a linear
function of concentration between the values 1 and
0. The measured core rate can be seen in Fig. 3
to be a very nonlinear function of alloy concentra-
tion, particularly in the range of small Li concen-
trations; furthermore it is seen to be a concave
function. The nonlinearity implies that the positron
is not sampling the two components in the ratio of
their concentrations and that the positron pseudo
wave function is not flat but is enhanced in the core
region of one component because of a positron
pseudopotential difference between different sorts
of sites. The concave nature of the curve implies
that the positron is sampling a larger fraction of Li
cores than the atomic concentration would imply;
for instance, the positron would appear to be sam-
pling Li and Mg cores in the ratio 1:2 in an alloy
of mean Li concentration merely 10 at. /o. This
evidence supports the result of SK that the positron
pseudopotential is more attractive at Li sites than
at Mg sites. In Sec. IV quantitative estimates are
made of the effect of the core rate of a positron
pseudopotential difference between Li and Mg sites.

B. Smearing

The angular correlation data presented in Fig.
2 show evidence of an increased blurring of the
Fermi cutoff for the Mg-11-at. lo Li alloy relative
to that for pure Mg. This blurring is illustrated
more clearly by plotting the derivative of the data,
obtained directly as the difference of counts at ad-
jacent points of the angular correlation curve.

The core component of the angular correlation
curve contributes a broad, flat tail to the deriva-
tive plot. In the case of metals such as Li and Mg
where the contribution from annihilations in the
core regions is not large, the tail can be avoided
by subtracting the broad component from the angu-
lar correlation curve before taking differences for
the derivative curve. Figure 4 shows the data in
derivative form for pure Mg, pure Li, and five al-
loys. The solid line drawn in each section of the
figure is a function constructed as follows:

(i) The primary ingredi. ent is the free-electron
momentum distribution corresponding to the mean
valence-electron density of the sample.

(ii) This distribution is then enhanced to account
for positron-electron interactions using the ex-
pression of Kahana. '

(iii) The enhanced momentum distribution is then
convoluted with a Gaussian function chosen to simu-
late the smearing arising from the thermal motion
of the positron and the instrumental resolution.

In general, the calculated curves are in good
agreement with the data; the position of the Fermi
cutoff predicted by the rigid band model seems to
agree with the data to a precision of about 2/o, con-
firming the earlier results of Stewart. The
smearing of the data in the region of the Fermi cut-
off follows the calculated curve fairly closely in the
cases of the pure metals and the Li-rich alloys, but
the observed smearing is considerably greater in

the cases of the 4-at. % and ll-at. % Li in Mg alloys.
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FIG. 3. Values of the reduced core annihilation rate
AAp plotted vs alloy concentration. The error bars rep-
resent standard deviations derived from statistical un-

certainties. The dashed line is straight. The two solid
lines and the dotted line illustrate the results of model
calculations described in the text.

In this section the experimental results for the
variation of core-annihilation rate with alloy con-
centration will be discussed. The pseudopotential
method is used to calculate the reduced core rate
using two approaches. In the first, the positron
pseudodensity is estimated treating the positron
pseudopotential in low-order perturbation theory.
The second approach goes beyond low-order per-
turbation theory but is restricted in scope to a reg-
ular array of impurity atoms.

The obvious nonlinearity of the measured core
rates plotted against Li concentration indicates a
large enhancement of the positron pseudodensity at
Li sites. Undoubtedly there are small systematic
errors in the extraction of the core rates from the
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raw experimental data. However, we see no way
in which these uncertainties can lead to the large
nonlinearity in the plot of core rate vs alloy con-
centration. We thus try to interpret these results
in terms of the positron pseudopotential difference
between Li and Mg sites in the alloy. This poten-
tial difference was estimated in SK to be 0. 08 By
for a 50-at. /o alloy, the Li site being more attrac-
tive. The small variation of the potential differ-
ence with alloy concentration is neglected in our
calculations. A spherical potential well of radius
3. 26 a. u. and depth 0. 08 Ry, corresponding to the

positron pseudopotential for an isolated Li atom in
Mg, has no bound state (a bound state would first
appear for an unrealistically large depth of 0. 23
Ry). The pseudo wave function corresponding to
the lowest positron state will therefore be enhanced
around the Li site, but will extend over all of the
crystal. In view of this, this positron pseudoden-
sity in the alloy can be calculated treating the
pseudopotential difference within perturbation the-
ory. It is then straightforward to estimate the re-
duced core rate defined by Eq. (1) using the ex-
pression obtained in SK:

1 —$R„f„dr v"'""(r—R„)/f dr o"'""(r)
1+ (o."/e —1)g-„„f„dr o'"" (r —0„)/f dr o"'" '(r) (2)

where the summations are over the A sites R„ in
the alloy, 0"'" ' is the positron pseudodensity,
f„dr and f dr denote integrations over the atom cell
and the whole sample, respectively, and n, n are
normalization factors given by

n" =
I dr[Up(x)]

where Uo is the Wigner-Seitz solution for the A
cell and n is defined similarly for the 8 cell.

The positron pseudo wave function is given to
first order in the perturbation by

(kl Vl q) e' '"
V"P -" 5 k/2m-k /2m Vq/lY

The perturbation is taken to be the positron pseudo-
potential in the alloy relative to the mean pseudopo-
tential:

V(r) =g v""(r —R„)

and the matrix elements of the potential are

&k~V~q)=pe' " "&k~v" ~q),

where again x denotes the sort of site either A or
B in the A-8 alloy.

Assuming that the position is in the k = 0 state
when thermalized, the positron pseudodensity for
a particular configuration of atoms is given by

pseudo(
) ~

yyseudo(
)

~

P

To first order in the perturbation, this becomes
merely

(Ol Vlq)
;gp k'q'/2m

The quantity relevant to the reduced core rate given
by Eq. (2) is the fraction of the positron pseudo-
density in the A-type cells. For convenience we
denote this quantity by

yseudo g d escudo( R ) dr yseudo(

Rg

where the sum is over the A sites. From Eq. (7)
we have for o~"" ', to first order,

,p g (Ol Vl q)
uep a k q /2m

xe""' ~ ~„dr e ' '+ c. c.

Now to make connection with experiment, the ex-
pression for o „"'"' corresponding to a particular
arrangement of the atoms must be averaged over
all configurations,

(v ) =c -(U L j~
dye"'

F80 0

(1O)

If the alloy is assumed to be a perfect random solu-
tion, as would appear to be a good approximation
for a Li-Mg alloy, then only the terms with H~
= R„contribute and

,.;.," (Ol v"
l q)

(11)

The pseudopotential discussed in SK contains a
local part and another part which depends on the
gradient of the pseudo wave function. This latter
part was denoted by vG and it was argued to be
small. The effect of vG on (o„"'"d') is also small,
changing the reduced core rate for the dilute Li
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I I I I I I I tities are discussed fully in SK and references
giving tables of these quantities are quoted there.
Replacing the atomic Wigner-Seitz cell by a sphere
of radius R, the matrix elements of the potential
become

Cl
LLI
N

0
89%Li

53%LI

50'/ Li

—11%LI

(0l &
~
0) = 4&v

~ d&& (& 0 +EF+&"..„)jo(e&)"0
Rg

4~V ' '

dry'[C„(E", +Z", +E"„„)
60

+ C~ (E 0 + E F + E„„)]jo(qx),
where the second term arises from the mean value
of the potential. Simplification of Eq. (12) yields
an expression which depends on the positron pseudo-
potential difference Vo between A and 8 cells:

&o~~" ~q) = —v,(i-c„)"
qR,

where

Vo = Eo+ E+ + E eorr E o ~z Eaorr ~

Estimates of Vo for a number of 50-at. /o alloys
are given in Table II of SK. Substitution of Eq.
(13) into Eq. (11) leads to the final result:

-4'/oLi

I I I I I I

0 I 2 3 4 5 6 7
ANGLE (millirodian)

FIG. 4. Angular correlation data for Mg, Li, and five
alloys shown in derivative form to emphasize the smear-
ing in. the region of the Fermi cutoff. Data for negative
angular deviations from 180' have been included by fold-
ing about the centroid of the distribution. Statistical
standard deviations are indicated for one set of data and
are similar for the others. The solid lines are based on
a free-electron. model with smearing included from in.—

strumental effects and positrontemperature. The dashed
line indicated in the case of two alloys includes an ad-
ditional smearing component described in the text. Alloy
concentrations are in at. %.

alloys by only 3/0, and so it has been neglected.
The only significant contribution arises from the
part of the pseudopotential which is constant within
an atomic cell and is given by Eo +E~+E"„„with-
in an A-type cell. The quantities Eo, E&, and
E„„are the positron zero-point energy, the inter-
nal electron Fermi energy, and the positron-elec-
tron correlation energy, respectively. These quan-

dx - =0. 209 .

The expression for the reduced core rate for Li-Mg
becomes

&&, = (1 —C„,) (1 —0. 68 C, ) (is)
and this relationship is indicated in Fig. 3 by the
dotted line.

The results of the perturbation calculation are in
qualitative agreement with the measured values of
core rates in that they lie below the straight line
which corresponds to a positron distributed equally
between the Li and Mg sites. However in the re-
gion of small Li concentrations, where the experi-
mental points deviate most from the straight line,
the calculated curve considerably underestimates

(.--"&=c„' "c (i-c„)5 1T O

(14)
The Li-Mg psuedopotential difference from Ta-

ble II of SK has the value 0. 08 Ry. There is some
small variation in R, with the concentration of
Li-Mg alloy, but this is neglected and an average
value R, = 3. 26 a. u. is assumed over the whole
composition range. The ratio o.« /o. M, also enters
the expression of Eq. (2) for the core rate. For
Li-Mg alloys, calculations indicate that (o.L, /nM,
—1)= 0. 11 and so the denominator of the expression
for the reduced core rate is about unity, which value
is used in the calculations. The integral in Eq.
(14) can easily be evaluated numerically to yield
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the nonlinearity of the experimental data. This
indicates that the enhancement of the positron
pseudodensity at the Li sites in the dilute alloy has
been underestimated and the positron is actually
sampling a greater fraction of Li sites than the per-
turbation calculation indicates. It is not impossible
that the magnitude of the positron pseudopotential
difference between Li and Mg cells was underesti-
mated in SK, and so the effect of increasing the po-
tential difference in Eq. (14) should be investigated.
However, the value of Vo used in obtaining Eq. (15),
namely, —0. 08 Ry, is relatively large, and the
results of the first-order perturbation calculation
of the positron pseudodensity must be treated with
caution. A substantially larger value of l Vpl used
in Eq. (14) would lead to unrealistic results, par-
ticularly for the dilute alloys where the potential
difference relative to the mean potential is largest.

To investigate the effect on the reduced core rate
of a larger pseudopotential difference, the pseudo-
density has been calculated in a way which treats
well large potential differences and which should
give reliable results for dilute alloys. Neglecting
the small gradient part, the positron pseudopoten-
tial for an alloy consists of a potential which is
constant within each cell, but has a different value
in cells containing different atoms. For a dilute
alloy the positron pseudo wave function in the re-
gion around one of the impurity atoms positioned
at the origin should satisfy the Schrodinger equa-

tion for a potential

V(r)= V, ,

=0, y'&R, (16)

where C is the impurity concentration. Writing
E= —8 n /2m and E —Vo =k k /2m, where E is the
positron energy, the wave function, apart from a
normalization factor, is given by

where Vp is the positron pseudopotential difference
and the impurity atom cell has been replaced by the
sphere of equal volume. To find the wave function,
the solution of the Schrodinger equation in this re-
gion must be matched to the solutions in the sur-
rounding dilute alloy. In the perturbation calcula-
tion above it was assumed that the positron density
entering the expression for the core rate was de-
termined by the ground-state pseudo wave function
alone through Eq. (16), and the same assumption
is made here. By analogy with the Wigner-Seitz
approximation for the k= 0 valence-electron wave
function the positron ground state for the potential
given by Eq. (16) is taken to be the s wave which is
flat at the "impurity sphere" boundary and which
has no nodes within the sphere. The "impurity
sphere" is the sphere which, on the average, con-
tains one impurity and it has radius Ri given by

q
pSOudo( )

sinkR, cosho. (r —R, ) + (k/n)coskR, sinhn(r —R, ) R (18)

with the boundary condition

The impurity may act as a potential well or barrier
to the positron depending on the sign of Vp, and the
validity of the approximation in no way depends upon
the magnitude of Vp. It should be a good approxi-
mation when the impurities are regularly spaced,
but fluctuations in the local concentration of im-
purities are not accounted for.

It is a simple matter to compute the pseudoden-
sity and hence the reduced core rate from Po"";
and the relation for ~~, as a function of Li concen-
tration in the Li-Mg alloy system is indicated for
two different values of pseudopotential difference
Vp by the full lines of Fig. 3. The cell radius R,
was taken to be 3. 26 a. u. throughout the full range
of composition. The curves for both values of Vp

fall below the straight line plot, indicating enhance-
ment at Li sites as expected. However, the ex-
perimental points lie below any of the curves in the
region of low Li concentration, and so the calcula-
tions underestimate the actual enhancement. The
reduced core rate calculated within this model does
not appear to be very sensitive to the choice of Vp&

and it is inconceivable that the pseudopotential dif-
ference can be any larger in magnitude than that
corresponding to curve b of Fig. 3. In fact, the
largest value of l Vpl chosen, 0. 20 Ry, is so large
(recall that the value calculated from first princi-
ples was 0. 08 Ry) that an isolated impurity with
this pseudopotential difference would very nearly
have an actual bound state. There is a rather weak
positron bound state observed at a monovacancy in

Mg, but the insertion into such a vacancy of a Li
atom with its core, repulsive to the positron, would
greatly reduce the potential well depth.
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The positron pseudopotential difference between
Li and Mg indicates that there will be no positron
bound state around an isolated Li impurity in Mg;
the positron pseudo wave function will be enhanced
around the Li atom but will not be localized to it.
However, if successively more Li atoms were sub-
stituted for the Mg atoms adjacent to the impurity,
then eventually a cluster of Li atoms in Mg would
be built up, sufficiently attractive to the positron
that there would be a, positron bound state. As an
example consider the case of a large cluster of Li
atoms in Mg amounting to a piece of Li metal in
Mg. In this case the arguments used in developing
the positron potential in SK indicate that the lowest
positron state extending over the Li region is lower
than that in the Mg region by an energy equal to the
difference in the constant parts of the pseudopoten-
tial, i.e. , Vo=0. 08 Ry. In such a case the ground-
state positron wave function would be localized to
the region in and around the cluster and the contri-
bution of Li atoms to the core rate for annihilation
from this state would be totally disproportionate to
the mean Li concentration. A crude estimate of the
attractive strength of a cluster of Li atoms in Mg
ean be obtained by replacing the pseudopotential
well of depth Vo extending over a volume corre-
sponding to n Li atoms. This approximation indi-
cates that an isolated cluster of five or more Li
atoms in Mg would bind a positron.

In the Li-Mg alloys under consideration, it is
possible that the positron may be localized to ex-
ceptional regions of higher than average Li con-
centration. We do not mean by this merely that
the positron will be trapped at isolated clusters of
five or more adjacent Li atoms, but that trapping
can occur in a larger region containing an excess
of Li above the mean. Such an effect, which was
not treated in the above calculations of core rate,
would further enhance the Li contribution to the
core rate. Furthermore, if the positron annihilates
from states localized to regions of high local Li
concentration, the spread in positron momentum
resulting from the localization should be mani-
fested in the alloy angular correlation curves as
additional smearing of the Fermi cutoff over and
above the smearing for pure Mg.

9. Smearing

Referring to the derivative data plotted in Fig.
4, it is evident that the smearing of the Fermi cut-
off for the Mg-4-at. %-Li and Mg-ll-at. %-Li al-
loys is in excess of the contributions from the ther-
mal motion of the positron and the instrumental
resolution which are represented by the solid lines.
In view of the possibility argued above that local-
ization of the positron might be occurring in these
alloys, an additional convolution was performed on
the curves represented by the solid lines to include

a positron momentum distribution P(p) = p' j(p~
+ p ) . Such a distribution corresponds roughly to
a positron bound state localized to a region of diam-
eter d= h/p. This additional convolution, with P
= 0. 03 a. u. , i. e. , d = 20 A, results in a much im-
proved fit to the experimental data for the Mg-
4-at. % L-i and Mg- 11-at.%-Li alloys and is in-
dicated by the dotted lines in Fig. 4. We believe
tha, t the core-annihilation rate data together with the
additional smearing of the Fermi cutoff observed
for some of the Li-Mg alloys indicate that the posi-
trons annihilating in these alloys are localized to
Li-rich regions. Following is a picture, consis-
tent with the experimental results, of the changes
in the localization of positrons to be expected over
the range of alloy concentration.

Li concentrations less than 1 at. %. The extent
and number of Li-rich regions will be too small for
the positron to be significantly affected, and hence
there will be little or no smearing due to localiza-
tion. The only experimental data in this region are
those for pure Mg.

Li concentrations 1 to 30 at % In. th.is range the
Li-rich regions are sufficiently large that there are
positron bound states and are sufficiently numerous
for the positron to be trapped in such a localized
state during its lifetime. Smearing of the pair
momentum distribution arising from the positron
localization will be evident.

Ji concentrations gv'eater' than 30 at. %. As the
Li concentration is increased, the Li-rich trapping
regions grow in extent and the volume to which the
trapped positron is confined grows in consequence.
This means that the positron becomes less confined
and the smearing decreases with increasing Li con-
centration up to 100-at. % Li.

V, CONCLUSIONS

The experimental results for the core annihila-
tion rate for positrons in Li-Mg alloys indicate that
positrons in dilute Li alloys sample a much greater
proportion of Li atoms than indicated by the mean
Li concentration. Fir st-principle s calculations
based on the positron pseudopotential picture using
perturbation theory account for the trend of the core
rate with increasing Li concentration but fail to ac-
count for the magnitude of the effect. Further cal-
culations of the core rate which are appropriate to
a regular arrangement of Li atoms in the alloy but
which go beyond low-order perturbation theory also
fail to account for the magnitude of the effect.
These results are relatively insensitive to the
strength of the pseudopotential difference. Although
these calculations all show enhancement of the
positron wave function at Li sites, the effect of the
enhancement alone is not sufficient to account for
the data. We suggest that an additional effect must
be considered.
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Li-Mg forms a nearly random solid solution and
both the calculations presented do not account prop-
erly for the disorder. In particular, the presence
of localized positron states that must be present in
Li-rich regions of the alloy is not treated. As dis-
cussed in Sec. IV, such Li-rich regions can lo-
calize the positron and likely account for the mag-
nitude of the core rate. The additional experimental
evidence of the smearing of the momentum distri-
bution near the Fermi cutoff supports this picture.
Thus both experimental evidence and theoretical
considerations lead us to conclude that over a wide
range of alloy concentration the spatial distribution
of the annihilating positrons is strongly affected by
localized positron states in Li-rich regions of the
alloy. We believe that these conclusions are very
important in the interpretation of the results of
positron-annihilation experiments in disordered
alloys.

A thermalized positron at room temperature will
diffuse a distance —1000 A during its lifetime. '
If it, on the average, encounters a number of va-
cancies, dislocations, grain boundaries, etc. , and
if it can loose energy sufficiently rapidly to be
trapped, then the annihilating positron will sample
the electron distribution in these extreme regions
of the system. In a disordered alloy positrons will
also tend to sample electrons in extreme regions
of the alloy where the local concentration of the
more attractive sort of atom is higher than aver-
age. This behavior makes the positron an unusual
probe of the system; the positive muon should be
similar to the positron in this respect. The results
of other experiments, e. g. , soft x-ray emission,
optical absorption, photoemission, and electron
spectroscopy for chemical analysis (ESCA) are all
relatively insensitive to disorder since they sample
all regions of the alloy roughly equally.

The case of positrons annihilating in ordered al-
loys is less complicated. The positron states will
be Bloch states and the positron distribution will be
periodic with a larger amplitude near one of the
components of the alloy.

The conclusions drawn above about the behavior
of positrons in a disordered alloy shed light on the
behavior of electrons as well. They are also sen-
sitive to the disorder. However, the electrons
which are important in transport properties, the
most precise probe of the electronic system, are
those near the Fermi surface. These electrons
have large kinetic energies and are insensitive to
small fluctuations in the crystal potential due to
disorder. It would be the slow electrons near the
bottom of the conduction band, which would be sensi-
tive to the disordered regions, with localized elec-
tron states being manifested as a low-energy tail
to the density of states. However the electronic
system is a many-particle system and the density

of states is not directly measurable. Experiments
such as ESCA and soft x-ray emission are the
simplest that yield a quantity related to a density of
states, but they involve the removal of an electron
from the Fermi distribution. The "hole" that re-
mains has a finite lifetime and decays through the
creation of electron-hole pairs. Such a "hole" near
the bottom of the conduction band (for an electron
density corresponding to Al) has a lifetime which
corresponds to an energy uncertainty = 1.3 ep. '6

This blurring would obscure any effects due to dis-
order.

In contrast there is not likely to be more than one
positron in the sample at any time. The positrons
that are actually sampled through the decay process
are precisely those that are sensitive to the disor-
der, that is, those that fall down into the lowest-
lying positron states. Thus these observations of
positron states yield insight into the nature of low-
lying electron states in a disordered alloy.
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APPENDIX: CORE RATE FOR Li METAL

In the Appendix the contribution of atomic features
in the valence-electron wave functions for Li are
investigated using OPW wave functions. The wave
functions for the valence band are taken to be single
OP%'s, yp, which for Li have the form

i&.r
x.(r)=&0() xx~ — Xx'x)(r') xi, e;(r)), (a()

where A is a normalization factor and 4k is the
tight-binding core-electron wave function given by

~Q

C')x(r) = (le Z (I()(r+R„)8

with y representing the atomic Is orbital for Li..
Simplifying E(l. (Al),

where y(k) represents the Fourier transform of
p(r) and

A. (k) = [1 —(N/ V)
~ p (k)

~ ] '~

The contribution of the valence electrons to the
positron-electron pair momentum distribution is
given by

&.(p) =~. 2, dr 4.(r)Xf(r)e"', (A4)

where I/), is the positron wave function and 8„ is a
many-body enhancement factor for annihilation with
valence electrons assumed here to be momentum
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independent. The corresponding contribution of
the core electrons is

.„fa
x dr g, (r)y(r) e"'

„

Substitution of Eq. (AB) into Eq. (A4) yields for
the valence-electron contribution to the pair mo-
mentum distribution

since y(r) is a localized function and consequently
y(k) is slowly varying.

The core-electron contribution to the pair momen-
tum distribution from Eq. (A5) becomes

( ) p g
IA(k)l'

k &kp
dr y (P ) &

i (k+i7& r' (&,(p)) =RN", ( I dig. (r)p(F)e"' (AB)

—2y(k) dr g, (r)

r
x g i(&+i) R„d~q (~) (~) io r

n

(AB)

The first term on the right of Eq. (AB) contributes
little in the range p & k„since the high-momentum
components in the positron wave functions are
small. ~ It is this term that leads to the charac-
teristic parabolic contribution to the angular cor-
relation curve for long-slit, geometry. The second
is an interference term contributing to N„princi-
pally again in the range p & k+ because of the small
high-momentum components of g.. The dominant
contribution for p & k~ is the third term; it arises
from the orthogonalization of a plane wave to the
core-electron wave function, and only annihilations
in the region of the ion cores contribute.

For comparison with a polycrystalline sample
K„(p) must be spherically averaged. The sum in
the third term then becomes

4

g eiik+p) ~ R„geik R smp~n

fl pA„

and for large p because the phases are almost ran-
dom only the term n = 0 contributes. This yields
for p greater than k+

(N„(p)) = ~A. (0)~'(N'/V)S„~y(0)~'

Inspection of Eqs. (A7) and (AB) reveals that the
core-electron contribution to the pair momentum
distribution and the contribution of atomic features
in the valence-electron wave functions in the core
region arising from orthogonality differ only by a
factor which is roughly momentum independent.
Choosing for the ls orbital y(r) = (cy /ii) e "with
ci = 2. 69 for Li, ' so that Fp(k) = (n /ii) 8 wo. /
(n +k ), we find (N„(p))/(N, (p)) = 9%, with 8„=7
(Ref. 11) and in the absence of a calculated core
enhancement factor for Li the value 8, = 3 (Ref.
19) for Na was taken. In fact S„appropriate for
the GPVf wiggles is probably intermediate between
the electron gas value of 7 and 8,. In the case of
a simple meta. l such as Li, mixing intothe valence-
electron wave functions of higher momentum GP%'s
should not substantially affect the pair momentum
distribution in the higher-momentum range chosen
for the Gaussian fitting procedure, i. e. , p & 1.5k~.
For other simple metals with more than just a
single core state to which the valence-electron
wave functions must be orthogonal, similarity be-
tween the core and valence contributions to the pair
momentum distribution noted for Li should persist
provided the dominant contribution from the core
is from the outer shell.

The analysis indicates that the broad "core"
component of the angular correlation curve results
from annihilation in the core regions. For Li about
90/o of this arises from core electrons themselves,
the bulk of the remainder from atomic features of
the valence-electron wave functions.
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